In greenhouse energy balance models, the soil thermal parameters are important for evaluating the heat transfer between the greenhouse air and the soil. In this study, the soil thermal diffusivity was estimated from greenhouse soil temperature data using the amplitude, phase-shift, arctangent, logarithmic, and min-max methods. The results showed that the amplitude method and the min-max method performed well in estimating the soil thermal diffusivity. The obtained soil thermal diffusivity was input into a sinusoidal model to determine the greenhouse soil temperature at different soil depths. For greenhouse applications, the daily average soil temperature at different depths was predicted according to the temperature at the surface and the annual mean soil temperature. The model was validated using soil temperature data from summer and winter, when the greenhouse was cooled and heated, respectively.
Introduction
Collecting excess daytime solar energy to heat a greenhouse at night is an economic approach to conserve greenhouse energy consumption. Solar radiation is captured by the soil during the daytime and released at nighttime to warm the greenhouse air. To better understand the heat transfer mechanisms between the soil and the greenhouse air, studying the thermal transfer capacity of the greenhouse soil is desirable [1, 2] . In this study, the two most important soil thermal properties are the heat transfer coefficients between the floor and the greenhouse air, as well as between the floor surface and the greater ground depths [3] [4] [5] [6] .
The response to temperature changes in the soil is often not instantaneous due to the large soil heat capacity. To study the time delay, researchers have often used soil temperature data to estimate the thermal diffusivity. estimated soil thermal diffusivities based on measured soil temperature data using six different methods (the amplitude, phase-shift, arctangent, logarithmic, numerical, and harmonic methods). The calculated apparent thermal diffusivities were then used to predict the soil temperatures before they were compared to another set of measured temperatures [7] . On the other hand, Ozgener et al. (2013) used the principle of transient heat flow with assumptions of one-dimensional heat flow, homogeneous soil, and constant thermal diffusivity to predict the daily soil temperatures depending on depth and time. Their efforts resulted in establishing a model for soil temperature prediction as a function of depth [8] . Danelichen et al. (2013) estimated the soil thermal diffusivity from the soil temperature profile using the amplitude, logarithmic, arctangent, and phase-shift methods. The estimated soil thermal diffusivities showed significant differences and varied over the study period as a function of the volumetric soil water content [9] . Additionally, Li et al. (2014) used the harmonic method and the temperature integral method to determine soil heat storage and energy balance in arid and semiarid regions [10] .
Furthermore, the residual effects of dissimilar management on the temporal variability and covariance structure of the soil temperature was reported by Awe et al. (2015) [11] , and An et al. (2016) [12] used the amplitude, phase-shift, conduction-convection, and harmonic methods to estimate the thermal diffusivity under different climatic conditions in the subsurface layers. Yener et al. (2017) investigated the soil temperatures at different depths in several regions of Turkey. They used a sinusoidal prediction model for the soil temperatures based on the depth and time to describe the annual soil temperature variations in different regions of Turkey [13] .
The boundary conditions of open-field soil and the soil underneath a greenhouse are different. Evaluations of the open-field soil thermal diffusivity assume that the soil is a one-dimensional isotropic medium and that the average soil temperature is the same at all depths. Conversely, the soil temperature in a greenhouse always has a thermal gradient. In a greenhouse, the soil surface is enclosed, and its temperature is different from that of the outside air, although at a certain depth (i.e., the constant-temperature layer), the soil temperature underneath a greenhouse will be the same as that of the outdoor soil. In this research, we focused on estimating the local heat transfer in the soil underneath a greenhouse above the constant-temperature layer. Various methods were employed to estimate the greenhouse soil thermal diffusivity and to determine the soil temperature at various depths.
Materials and Methods

Theory of Soil Temperature Simulation
Soil heat transfer occurs mainly via molecular transmission. In this study, the soil was assumed to be infinitely deep, and heat transfer occurred in a one-dimensional isotropic medium. With uniform thermal properties, the open-field soil surface temperature can be calculated by [14] T(0, t) = T ave (0)
where T(0, t) is the temperature at the soil surface at time t, • C t is the time of day, h; T ave (0) is the average temperature at the soil surface, • C; A(0) is the amplitude of the soil surface temperature fluctuation, • C; ϕ is the phase shift, the delay of soil surface temperature change at soil surface, h; ω is the radial frequency and is expressed as
where τ is the period of temperature fluctuation and is set to 24 h.
From Equation (1a), the temperature at any depth z and time t is given by:
where A(z) is the amplitude of the soil temperature fluctuation at depth z, • C T ave (z) is the average temperature at the soil depth z, • C; ϕ z is the soil thermal transfer phase shift, the delay between the soil surface and depth z;
A(z) and ϕ z are defined as [8] 
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where B is the inverse of the damping depth, and it is calculated by:
where k is the soil thermal diffusivity, m 2 s −1 , and it is calculated by:
where λ is the soil thermal conductivity (w m −1 K −1 )
ρ is the density of the soil, kg m −3 c is the soil specific heat, J kg 1 K −1 ρc is the volumetric heat capacity, J m −3 K −1
Similarly, the soil temperature at depth z 2 can be calculated from the soil temperature at depth z 1 as follows:
With the boundary conditions at the surface (z = 0) and substituting of Equations (3) and (4) into Equation (2), the soil temperature at any depth z and time t can be calculated by:
In addition, the soil temperature at depth z 2 predicted from the soil temperature at depth z 1 can be calculated by:
The soil thermal diffusivity needed to calculate the inverse of damping depth (B) can be determined using one of the three methods discussed in the following section.
Soil Thermal Diffusivity Estimation Methods
Amplitude Method and Phase-Shift Method
The soil thermal diffusivity can be determined using both the amplitude (k AM ) or phase shift (k PS ) calculations, as follows [12] :
where A(z 1 ) and A(z 2 ) are the least-squares temperature amplitudes and ϕ z 1 and ϕ z 2 are the least-squares phase shifts at depths z 1 and z 2 , respectively, and can be obtained using Equation (7) .
Arctangent Method and Logarithmic Method
For climate-controlled greenhouses, indoor air temperatures are maintained at specific set points. Therefore, the greenhouse air temperature is not a true sine function as is assumed for open fields. Instead, the upper boundary condition is more closely described by a Fourier series [10] :
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where A i is the amplitude of the temperature harmonic i ϕ i is the initial phase shift of series i This equation indicates that the variation in the soil temperature consists of two parts: the constant temperature T ave at depth z and n superimposed sine waves. Using the trigonometric function transformation, the equation can be written as:
where a i = A i (z)sinϕ i and b i = A i (z)cosϕ i , are the parameters of the Fourier series. Then,
where a k and b k are the shorter sides of triangle k. Applying the Fourier series method shown in Equation (12), used the first four terms (n = 2) to describe an upper boundary condition at the soil depth z [15] . Using an arctangent transformation, the soil temperatures at depths z 1 and z 2 measured every 6 h during a 24 h period are T 1 , T 2 , T 3 , and T 4 and T 1 , T 2 , T 3 , and T 4 , respectively. Thus, the apparent thermal diffusivity (k AR ) can be calculated as [16] 
Using the logarithmic method, Seemann (1979) showed that the apparent thermal diffusivity (k LG ) can be calculated as [17] 
Min-Max Method
Equation (2) gives the range of soil temperature variation can be calculated as [18] T(z, t) = T ave (z) ± A(z) (15) showing that the temperature features between a minimum and a maximum. Since the range of the sine function is from −1 to 1, A(z) can be calculated as:
Thus, using the min-max method, the soil thermal diffusivity (k MM ) can be calculated as
where A(z 1 ) and A(z 2 ) are the amplitudes of temperature fluctuation determined from the min-max method at depth z 1 and z 2 , respectively.
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Field-measured minimum and maximum temperatures recorded by temperature sensors at depths z 1 and z 2 , can be used to determine the soil thermal diffusivity. Consequently, the amplitude values can be determined without the temperature necessarily behaving strictly in a sinusoidal manner.
Data Collection
Field experiments were conducted in a greenhouse at Wooster campus of The Ohio State University (latitude: 40.78 N, longitude: 81.93 W) with a wall height of 2.54 m, a width of 7.32 m, a length of 14.63 m, and an arch height of 2.08 m. The greenhouse has a pad and fan cooling system and a space heater heating system for temperature control. The greenhouse air temperature was measured in the middle of the greenhouse at the plants' level (1.2 m), while the soil surface temperature was measured immediately underneath a black ground cover with type K thermocouples. The soil temperature was measured in the middle of the greenhouse at depths of 0.1 m, 0.2 m, and 0.3 m using Decagon 5TE soil moisture and temperature sensors (Decagon Devices, Inc., Pullman, WA, USA). Due to different sensor connectors, the greenhouse air and soil surface temperatures were recorded by one data logger (CR3000, Campbell Scientific Inc., Logan, UT, USA), while the soil temperatures were recorded by another data logger (EM50, Decagon Devices, Inc., Pullman, WA, USA). All the data were automatically recorded every 10 min. The outdoor weather was recorded by the Ohio Agricultural Research and Development Center (OARDC) weather station. The experiments were conducted from 1 September to 31 December 2016, and the data were separated into cooling and heating seasons for analysis.
Results and Discussion
The results of greenhouse data collection, soil diffusivity determination, and evaluation of the soil temperature prediction are presented in this section. Greenhouse data were collected and separated into cooling and heating seasons. The soil diffusivities were calculated by using one set of the collected data following the five methods described in the soil thermal diffusivity estimation methods section and were then used as input value for the soil temperature prediction model. Then, the performances of the soil temperature prediction model at different depths using the calculated thermal diffusivities were evaluated against another set of collected greenhouse data.
Analysis of Greenhouse Data
Although greenhouse conditions are often maintained at constant temperatures (set points) that are controlled by active cooling and heating systems, the greenhouse soil temperature is affected not only by the greenhouse air but also by the change in solar radiation [19] , such as the outdoor conditions. Changes in seasons affect greenhouse climate control, which changes the heat flux direction either from the air to the soil or from the soil to the air under heating or cooling conditions, respectively. Furthermore, the greenhouse soil could lose or gain heat from the outdoor soil depending on the season. Therefore, this study focused on analyzing the performance of the model during the cooling and heating seasons. Figure 1 shows the air temperatures inside and outside the greenhouse and soil temperatures at depths of 0 m, 0.1 m, 0.2 m, and 0.3 m during the cooling season. The cooling set point was 35 • C during the study period, except for 6-10 September, when the cooling system was deactivated.
Cooling Season
On clear-sky days, the greenhouse air temperature increased with the thermal load from solar radiation until it reached the cooling temperature set point. Due to on-off cooling control actions, the air temperature oscillated slightly around the cooling temperature set point, 35 • C. In contrast, when the cooling control was deactivated from 6 September to 10 September, the air temperature reached as high as over 42 • C. In general, the air temperature profile showed a sinusoidal shape. The temperature profile looked differently on a rainy day (14 September) when the solar radiation was low. On that day, the greenhouse air temperature varied with the outside air temperature and formed two peaks.
during the cooling and heating seasons. Figure 1 shows the air temperatures inside and outside the greenhouse and soil temperatures at depths of 0 m, 0.1 m, 0.2 m, and 0.3 m during the cooling season. The cooling set point was 35 °C during the study period, except for 6-10 September, when the cooling system was deactivated. On clear-sky days, the greenhouse air temperature increased with the thermal load from solar radiation until it reached the cooling temperature set point. Due to on-off cooling control actions, the air temperature oscillated slightly around the cooling temperature set point, 35 °C. In contrast, when the cooling control was deactivated from 6 September to 10 September, the air temperature reached as high as over 42 °C. In general, the air temperature profile showed a sinusoidal shape. The temperature profile looked differently on a rainy day (14 September) when the solar radiation was low. On that day, the greenhouse air temperature varied with the outside air temperature and formed two peaks. Figure 1b shows that the soil temperature profiles had similar sinusoidal shapes as the greenhouse air profile but with smaller amplitudes and larger hysteretic phase shifts as the depth increased. When the cooling system was deactivated from 6 September to 10 September, the soil temperature increased with increasing greenhouse air temperature. Figure 1b shows that the soil temperature profiles had similar sinusoidal shapes as the greenhouse air profile but with smaller amplitudes and larger hysteretic phase shifts as the depth increased. When the cooling system was deactivated from 6 September to 10 September, the soil temperature increased with increasing greenhouse air temperature. Figure 2 shows the air temperature inside and outside the greenhouse and soil temperatures at depths of 0.0 m, 0.1 m, 0.2 m, and 0.3 m in the heating season. The greenhouse air temperature was maintained above the heating set points throughout the experiment. To study the effect of the soil temperature at different air temperatures, the heating set points were 21 • C, 14.4 • C and 4.4 • C from 1 December to 6 December, 7 December to 13 December, and 14 December to 20 December 2016, respectively. The outdoor temperature was near or below 0 • C during this period. Figure 2a shows that at the temperature set point of 21 • C, the greenhouse air temperature was accurately maintained at 21 • C. When the greenhouse set point was set as 14.4 • C, the greenhouse air temperature occasionally went above 14.4 • C and was sometimes higher than 20 • C under clear-sky conditions (7 December). When the temperature set point was set at 4.4 • C, the greenhouse air temperature showed a steady sinusoidal pattern under clear-sky conditions (15, 19 , and 20 December). On the other hand, for rainy conditions (16 December), the sinusoidal pattern was less pronounced. The greenhouse air temperature was higher and more stable than the outside air due to the low solar radiation load days, absorption of solar radiation by the soil and insulation form the greenhouse structure. The soil temperature was higher than the air temperature; the deeper the soil was, the higher the soil temperature. This finding suggests potential heat transfer from the soil to the greenhouse air. Figure 2 shows the air temperature inside and outside the greenhouse and soil temperatures at depths of 0.0 m, 0.1 m, 0.2 m, and 0.3 m in the heating season. The greenhouse air temperature was maintained above the heating set points throughout the experiment. To study the effect of the soil temperature at different air temperatures, the heating set points were 21 Figure 2a shows that at the temperature set point of 21 °C, the greenhouse air temperature was accurately maintained at 21 °C. When the greenhouse set point was set as 14.4 °C, the greenhouse air temperature occasionally went above 14.4 °C and was sometimes higher than 20 °C under clear-sky conditions (7 December). When the temperature set point was set at 4.4 °C, the greenhouse air temperature showed a steady sinusoidal pattern under clear-sky conditions (15, 19, and 20 December). On the other hand, for rainy conditions (16 December), the sinusoidal pattern was less pronounced. The greenhouse air temperature was higher and more stable than the outside air due to the low solar radiation load days, absorption of solar radiation by the soil and insulation form the greenhouse structure. The soil temperature was higher than the air temperature; the deeper the soil was, the higher the soil temperature. This finding suggests potential heat transfer from the soil to the greenhouse air.
Heating Season
The soil temperature in Figure 2b shows diurnal variations in sinusoidal behavior with reduced amplitude and reduced phase shift. When the greenhouse temperature was set to 21 °C and at 14.4 °C, the outside air temperature was close to 0 °C. This outside temperature affected the soil temperature, especially at the soil surface. The diurnal greenhouse soil temperature pattern is easier to see but not the greenhouse air temperature pattern. Using an energy balance at the greenhouse floor measured by Sharma (1999) suggested that when the air temperature was maintained at a constant value [19] , the diurnal variation in soil surface temperature is mainly affected by solar radiation. When the greenhouse air temperature was set to 4.4 °C, which was close to the outside air temperature, the soil temperature varied with the greenhouse air temperature. The soil temperatures at deeper depths were higher than those at the surface. The analysis of the cooling and heating seasons shows that the greenhouse soil temperature was affected by the greenhouse air temperature, solar radiation, and outside air temperature. The soil temperatures were lower than the greenhouse air temperature during the cooling season, while the effect was reversed during the heating season. The soil temperature in Figure 2b shows diurnal variations in sinusoidal behavior with reduced amplitude and reduced phase shift. When the greenhouse temperature was set to 21 • C and at 14.4 • C, the outside air temperature was close to 0 • C. This outside temperature affected the soil temperature, especially at the soil surface. The diurnal greenhouse soil temperature pattern is easier to see but not the greenhouse air temperature pattern. Using an energy balance at the greenhouse floor measured by Sharma (1999) suggested that when the air temperature was maintained at a constant value [19] , the diurnal variation in soil surface temperature is mainly affected by solar radiation. When the greenhouse air temperature was set to 4.4 • C, which was close to the outside air temperature, the soil temperature varied with the greenhouse air temperature. The soil temperatures at deeper depths were higher than those at the surface. The analysis of the cooling and heating seasons shows that the greenhouse soil temperature was affected by the greenhouse air temperature, solar radiation, and outside air temperature. The soil temperatures were lower than the greenhouse air temperature during the cooling season, while the effect was reversed during the heating season. In addition to the finding that the soil temperature is highly sensitive to the topography, leaf area index (LAI), and outdoor air temperature [20] , the analyses for the cooling and heating seasons discussed in sections 3.1.1 and 3.1.2 show that the greenhouse soil temperature was also affected by the greenhouse air temperature. However, this effect was less pronounced at greater depths. For instance, in December, the soil temperature at a depth of 0.3 m was maintained higher than 10 °C, the average yearly temperature at the experiment site (Wooster, Ohio), while the greenhouse air temperature was less than 10 °C in December. Figure 4 shows strong linear relationships between the daily average temperatures at various soil depths and the temperature at the soil surface. In addition to the finding that the soil temperature is highly sensitive to the topography, leaf area index (LAI), and outdoor air temperature [20] , the analyses for the cooling and heating seasons discussed in Sections 3.1.1 and 3.1.2 show that the greenhouse soil temperature was also affected by the greenhouse air temperature. However, this effect was less pronounced at greater depths. For instance, in December, the soil temperature at a depth of 0.3 m was maintained higher than 10 • C, the average yearly temperature at the experiment site (Wooster, Ohio), while the greenhouse air temperature was less than 10 • C in December. Figure 4 shows strong linear relationships between the daily average temperatures at various soil depths and the temperature at the soil surface. In addition to the finding that the soil temperature is highly sensitive to the topography, leaf area index (LAI), and outdoor air temperature [20] , the analyses for the cooling and heating seasons discussed in sections 3.1.1 and 3.1.2 show that the greenhouse soil temperature was also affected by the greenhouse air temperature. However, this effect was less pronounced at greater depths. For instance, in December, the soil temperature at a depth of 0.3 m was maintained higher than 10 °C, the average yearly temperature at the experiment site (Wooster, Ohio), while the greenhouse air temperature was less than 10 °C in December. Figure 4 shows strong linear relationships between the daily average temperatures at various soil depths and the temperature at the soil surface. 
Daily Average Temperature
Calculation of Soil Thermal Diffusivity
The thermal diffusivity of the greenhouse soil was calculated using methods discussed in Section 2.2 and field data from 1 to 7 September 2016. As shown in Table 1 , the mean thermal diffusivity k of the greenhouse soil was calculated using the amplitude, phase-shift, arctangent, logarithmic, and min-max methods using the data collected at depths of 0.1 m and 0.3 m. The value of k for the greenhouse soil under different weather conditions and different greenhouse control methods was approximately 10 × 10 −7 m 2 s −1 . Table 1 . Comparison of the apparent soil thermal diffusivity k (×10 −7 m 2 s −1 ) determined from amplitude, phase-shift, arctangent, logarithmic, and min-max methods using field data collected from 1 to 7 September 2016. The greenhouse was cooled with a pad and fan system from 1 September to 5 September, and no cooling was implemented from 6 September 6 to 7 September. 
Date
Calculation of Soil Thermal Diffusivity
Date
Greenhouse Soil Temperature Simulation
Data from 8 September 2016 to 31 December 2016 were employed to simulate the greenhouse soil temperature at different depths.
Average Soil Temperature Simulation
To predict soil temperatures, we assumed that at all depths, the temperature oscillates as a sinusoidal function of time around an average value that was constant for all depths. Using the results of a traditional linear regression model and the coefficient of determination of the average daily soil temperatures at depths of 0.1 m, 0.2 m, and 0.3 m determined from the average daily soil surface temperature, the average soil temperature at different depths, T ave (z), can be calculated as:
where T year is the annual mean soil temperature outdoor, z is the soil depth and B = √ ω/2k is the inverse of the damping depth as described in Equation (5) .
The thermal diffusivity (k) determined with the amplitude method discussed in Section 3.2 was used in Equation (18) to simulate the daily average soil temperatures at depths of 0.1 m, 0.2 m, and 0.3 m from September 8 to December 31. The annual mean soil temperature (T year ) was recorded by the OARDC weather station. Figure 5 shows the linear regression and coefficient of determination of the observed and simulated average soil temperatures at 0.1 m, 0.2 m, and 0.3 m depths.
To predict soil temperatures, we assumed that at all depths, the temperature oscillates as a sinusoidal function of time around an average value that was constant for all depths. Using the results of a traditional linear regression model and the coefficient of determination of the average daily soil temperatures at depths of 0.1 m, 0.2 m, and 0.3 m determined from the average daily soil surface temperature, the average soil temperature at different depths, Tave (z), can be calculated as:
where is the annual mean soil temperature outdoor, is the soil depth and = √ ω 2 ⁄ is the inverse of the damping depth as described in Equation (5) .
The thermal diffusivity (k) determined with the amplitude method discussed in Section 3.2 was used in Equation (18) 
Simulation of the Diurnal Variation of Soil Temperature
Using the calculated soil thermal diffusivity, the greenhouse soil temperature can be determined using Equations (8) and (18) . The calculated and actual soil temperatures during the cooling season and heating seasons under typical climate conditions are shown in Figure 6 and Figure 7 respectively.
During the cooling season, on clear days with active cooling or under rainy conditions, the fitted Root Mean Square Error (RMSE) was less than 1 at the different depths. The simulated temperatur was slightly higher than the observed value at depths of 0.2 m and 0.3 m. In addition, the phase shift of the simulated soil temperature at the 0.2 m and 0.3 m depths were in agreement with the observed data. Under rainy conditions, the simulated soil temperatures at the 0.1 m and 0.2 m depths wer consistent with the observed temperatures. The simulated soil temperatures under rainy condition remained lower than the observed temperatures before 12:00 because the temperature on that day was low and the temperature on the day before was high, whereas in the afternoon, the simulation results closely matched the observed values. Using Equation (8), the time delay phase shift between 
Using the calculated soil thermal diffusivity, the greenhouse soil temperature can be determined using Equations (8) and (18) . The calculated and actual soil temperatures during the cooling season and heating seasons under typical climate conditions are shown in Figures 6 and 7 , respectively.
During the cooling season, on clear days with active cooling or under rainy conditions, the fitted Root Mean Square Error (RMSE) was less than 1 at the different depths. The simulated temperature was slightly higher than the observed value at depths of 0.2 m and 0.3 m. In addition, the phase shifts of the simulated soil temperature at the 0.2 m and 0.3 m depths were in agreement with the observed data. Under rainy conditions, the simulated soil temperatures at the 0.1 m and 0.2 m depths were consistent with the observed temperatures. The simulated soil temperatures under rainy conditions remained lower than the observed temperatures before 12:00 because the temperature on that day was low and the temperature on the day before was high, whereas in the afternoon, the simulation results closely matched the observed values. Using Equation (8), the time delay phase shift between the soil surface temperatures and the temperatures at a soil depth of 0.1 m was approximately 2.3 h for any weather or cooling condition. When the time delay was considered in the simulations of the soil temperature, the simulation results are in agreement with the observed soil temperature.
Using the calculated soil thermal diffusivity, the greenhouse soil temperature can be determined using Equations (8) and (18) . The calculated and actual soil temperatures during the cooling season and heating seasons under typical climate conditions are shown in Figure 6 and Figure 7 , respectively.
During the cooling season, on clear days with active cooling or under rainy conditions, the fitted Root Mean Square Error (RMSE) was less than 1 at the different depths. The simulated temperature was slightly higher than the observed value at depths of 0.2 m and 0.3 m. In addition, the phase shifts of the simulated soil temperature at the 0.2 m and 0.3 m depths were in agreement with the observed data. Under rainy conditions, the simulated soil temperatures at the 0.1 m and 0.2 m depths were consistent with the observed temperatures. The simulated soil temperatures under rainy conditions remained lower than the observed temperatures before 12:00 because the temperature on that day was low and the temperature on the day before was high, whereas in the afternoon, the simulation results closely matched the observed values. Using Equation (8), the time delay phase shift between the soil surface temperatures and the temperatures at a soil depth of 0.1 m was approximately 2.3 h for any weather or cooling condition. When the time delay was considered in the simulations of the soil temperature, the simulation results are in agreement with the observed soil temperature. Figure 7 shows the results of the greenhouse soil temperature simulations at three different heating set points during the heating season. At each set point, the fitted RMSE was less than 0.5 for the different soil depths. When the heating set point was 4.4 °C, the heating system was not active because the greenhouse air temperature was always above the set point. On these days, the fluctuation of solar radiation resulted in a sinusoidal temperature profile at the soil surface ( Figure  2 ). In general, since the soil surface is more sensitive than deeper soil to changes in solar radiation, the simulated amplitude was lower at different depths than at the surface. The simulated phase shifts between the soil surface temperature and the soil temperature at different depths were in agreement with the actual measurements. Figure 7 shows the results of the greenhouse soil temperature simulations at three different heating set points during the heating season. At each set point, the fitted RMSE was less than 0.5 for the different soil depths. When the heating set point was 4.4 • C, the heating system was not active because the greenhouse air temperature was always above the set point. On these days, the fluctuation of solar radiation resulted in a sinusoidal temperature profile at the soil surface ( Figure 2 ). In general, since the soil surface is more sensitive than deeper soil to changes in solar radiation, the simulated amplitude was lower at different depths than at the surface. The simulated phase shifts between the soil surface temperature and the soil temperature at different depths were in agreement with the actual measurements. Figure 7 shows the results of the greenhouse soil temperature simulations at three different heating set points during the heating season. At each set point, the fitted RMSE was less than 0.5 for the different soil depths. When the heating set point was 4.4 °C, the heating system was not active because the greenhouse air temperature was always above the set point. On these days, the fluctuation of solar radiation resulted in a sinusoidal temperature profile at the soil surface ( Figure  2 ). In general, since the soil surface is more sensitive than deeper soil to changes in solar radiation, the simulated amplitude was lower at different depths than at the surface. The simulated phase shifts between the soil surface temperature and the soil temperature at different depths were in agreement with the actual measurements. 
Discussion
As reported, the thermal diffusivity (k) for sand varies across depths and weather conditions within a range of 10 −5 -10 −7 m 2 s −1 [12] ; k for quartz sand is 12.5 × 10 −7 m 2 s −1 [15] , and the k for loamy sand is approximately 2.5-8.4 × 10 −7 m 2 s −1 [21] . Table 1 shows the estimated the k values under different weather conditions and for different seasons. The phase-shift method yielded different results on clear-sky days when the greenhouse was cooled and or not cooled. The phase-shift, arctangent and logarithmic methods were greatly influenced by the weather conditions since the results on cloudy days differed largely from those on clear-sky days. The results obtained from the amplitude and min-max methods are more consistent with those obtained from the other methods under the conditions tested. Both of these methods calculated the amplitude of the temperature with similar results.
The soil temperature oscillates as a sinusoidal function of time around an average value that is 
The soil temperature oscillates as a sinusoidal function of time around an average value that is constant for all depths [18] , and the temperature deep into the soil after a certain depth becomes constant and is considered equal to the average soil temperature [22] . In fact, the soil temperature is affected by the solar radiation, soil moisture content, soil cover, and LAI [21, [23] [24] [25] . The estimation method used heat to determine the average soil temperature agrees with the results obtained by Paul [26] (i.e., daily soil temperature decreased exponentially with increasing soil depth) and Tabari [27] (i.e., the amplitude of the annual temperature wave attenuates exponentially with increasing soil depth). Table 2 shows the performance of the soil temperature prediction model under different environmental conditions for both the cooling and heating seasons. Outdoor sky condition effects (clear sky or rainy), indoor environmental control effects (active cooling or no active cooling) and various heating set points were taken into account. On a clear day, during the cooling season, especially without a cooling system, the greenhouse air temperature is higher than that outside the greenhouse (Figure 1) . Thus, the soil surface temperature is higher than the greenhouse air temperature. Using the energy balance for the greenhouse floor between the indoor air and soil surface [28] , the simulation results are higher than the observed values at depths of 0.2 m and 0.3 m (Figures 6b and 6c , respectively). The RMSE for any soil depth is higher than the RMSE for the soil surface, indicating that the simulation model is sensitive to the surface temperature during the cooling season. During the heating season, using the energy balance for the two distinct soil sublayers of the soil surface [29] , the fraction of solar radiation received by the greenhouse floor equals the sum of the rate of energy loss from the soil surface to the indoor air and the rate of energy loss from the soil surface to the sub soil [30, 31] . Therefore, when the set point of the heating system is low (4.4 • C), the greenhouse is similar to the outside, and the estimation of the temperature is more consistent with the observed values ( Figure 7 ). Table 2 also shows that the RMSE for the cooling season is generally larger than those for the heating season, partly because the soil temperature in the greenhouse is affected by both the air temperature and the amount of solar radiation. Overall, these results suggest that Equations (8) and (18) performed well in predicting the greenhouse soil temperature. 
Conclusions
Heat transfer in greenhouse soil is an important variable affecting the greenhouse climate. In this study, we established and validated a greenhouse soil temperature model by estimating the thermal diffusivity of the soil. Our results showed that in the greenhouse, the diurnal soil temperatures at different depths have a steady sinusoidal behavior. The soil temperatures at different depths have decreasing amplitudes and hysteretic phase shifts with increasing depth. An evaluation of the five thermal diffusivity estimation methods showed that the amplitude method and the min-max method have the most consistent outcomes for estimating the greenhouse soil thermal diffusivity under different greenhouse and outdoor weather conditions. In addition, we found that the greenhouse soil temperature was affected by different factors during different seasons. The soil temperature is greatly affected by the greenhouse air temperature during the cooling season, while the soil temperature was mainly affected by the outdoor air temperature during the heating season due to the lower outdoor air temperature compared to the greenhouse air temperature. The soil temperature and daily average temperature at different depths can be predicted according to the temperature based on the soil thermal diffusivity. It should be noted that there are limitations to this study. First, the soil was assumed to be infinitely deep and second, we assumed that heat transfer only occurred downward in a one-dimensional isotropic medium. In reality, with the limited dimensions of the greenhouse, heat transfer through the soil is three-dimensional, and it is affected by the temperature gradient between the soils inside and outside the greenhouse. Second, the greenhouse air temperature is affected by more than just the outdoor air temperature. It is also affected by incoming solar radiation, crop growth and greenhouse climate control. To obtain a more comprehensive model, the convective heat transfer between the greenhouse air and the soil as well as the influence of different crops at different growing stages must be considered in a comprehensive energy balance model.
